Label-free detection using a whispering-gallery model biosensor in a micro fluidic channel is simulated. The analyte transport in the solution is controlled by applied electric potentials and diffusion. The finite element method is employed for solving the charged species transportation equations, the Poisson equation, the equations of conservation of momentum and energy, and the Helmholtz equations for electromagnetic waves. The adsorption process of analyte on the micro resonator surface is monitored by the resonance wavelength shift in the sensor. Shift caused by temperature variation due to Joule heating is found to be negligible compared to that induced by analyte deposition. The deposition induced shifts behave in a manner similar to Langmuir-like adsorption kinetics. A linear correlation between the frequency shift and the analyte concentration in the solution is obtained. The applied voltage is found to affect the adsorption capability; and thus, the sensor sensitivity. Detection of very low concentration to the sub-ppm level using the sensor is demonstrated.
INTRODUCTION
Thanks to the recent advance in optical techniques, many different detection methods have been widely applied in biomedical analyses. These methods can be broadly classified into two main categories: labeling methods and label-free methods. Labels can structurally and functionally interfere with an assay. As a result, scientists and biotechnologists have been exploring the area of label-free detection in order to overcome these disadvantages with label methods. Without the need for labels or agents, detection can be done in situ and in real time, which is an important advantage in emerging point-of-care detecting applications.
Several label-free optical techniques have been developed, like autofluorescence [1] , confocal Raman spectroscopy [2] , optical scattering [3] , and surface plasmon resonance [4] .
However, biophysical studies are hindered by the bulky and expensive equipment needed, and limited cell and biomolecule manipulation and techniques. Consequently, the micro optical fluidic system (MOFS) [5, 6] , which employs optics and micro fluidics in a micro system environment to perform novel functionality and in-depth analysis in the biophysical area, has been highly driven by recent development in biophysical studies. In this work, we briefly present the primary mechanism of a micro optical fluidic system, consisting of a microfluidic channel to manipulate samples and a whispering-gallery mode (WGM) biosensor. We believe that the miniature optical WGM device can be used in MOFS to provide an advantage in labelfree detection with high sensitivity in the analysis of biomolecules or single living cells [7] .
It is well known that light can be confined in a microresonator which can be a sphere [8] , a disc [9] , a ring [10] , or a torus [11] . At resonance, electromagnetic (EM) waves of a specific wavelength are trapped and internally reflected in an orbit within the resonator surface of circular shape. The socalled WGM resonance induces an evanescent wave field in the surrounding medium and extends up to one wavelength outward. This wave can be explored to detect polarizable molecules binding to the surface of the micro-resonator, which can slightly change the resonance condition through interaction with the evanescent waves [7, 12] .
WGM resonance frequencies depend on the size and refractive index of the resonator. As the photon guided by total internal reflection (TIR) in a resonator circulates many times, it interacts repeatedly with the adsorbate on the surface of the resonator, leading to change of effective size or refractive index. This feature is broadly explored for use in WGM-based sensors [13, 14] . In general, the resonant modes are approximately predicted by
, where m is an integer representing the possible mode, r is the resonator radius, is 0 c the light speed in vacuum and n is the refractive index of micro resonator. The wavelength shift of a given resonant mode assuming constant refractive index is estimated as [9] : ), then the smallest "measurable" size change is , with the radius r ~ 1μm. The "measurable" limit turns out to be less than the size of one atom. On the other hand, the ambient temperature variation or the absorption of laser energy during laser scanning or pumping could cause changes to resonator material properties like thermal expansion and thermo-optic effect, impacting the resonator size and refractive index. In 2008, Ma et al. [15] measured optical resonance shifts against temperature changes for different silica beads. The measured sensitivity for beads greater than 200μm in size closely matches the analytical value based on bulk material properties of silica thermal expansion and the thermo-optic effect. In what follows, we investigate a model of micro optical fluidic system which combines a micro fluidic channel and WGM-based biosensor to provide a platform for various studies of biophysics, such as molecules detection and bio-molecule analysis. The biosensor is integrated into the MOFS and the microchannel has solution containing the analyte with concentration to be determined by the WGM resonator. The flow is driven by the electric potential applied. The whole process is governed by charge transportation equation, the Poisson equation, the continuity and conservation of momentum equations, the conservation of energy equation and the Maxwell's equations. All governing equations are solved via the finite element method. Emphasis is placed on investigating the optical resonance shifts induced by analyte deposition on the surface. 
MATHEMATIC FORMULATION
Considering a MOFS of planar structure as shown in Fig. 1 , the microchannel with analyte solution has a dimension of 12 5.5 m
The WGM-based optical resonator coupled with a light-guided waveguide is integrated in the middle of the micro channel. Analytes are directed to the optical resonator through the channel by an electrostatic flow. Fig. 1 (b) provides a more detailed sketch of the optical resonator that is 2 μm in diameter and coupled with a light-delivery waveguide 0.5 μm wide. The gap between the micro resonator and waveguide is defined as 80 nm. A laser beam is focused into the waveguide. Photons at resonant frequencies tunnel from the waveguide to the micro resonator through the small gap and are trapped inside the Copyright © 2009 by ASMEresonator by TIRs if the refractive index of the micro resonator is larger than that of the surrounding medium such as water or air. After consecutive TIRs, the resonance occurs if the light wave returns to its starting point in phase.
In our simulation study, we take Bovine Serum Albumin (BSA) with a 2D dimension of
[21] as the sample analyte and pure water as solvent to investigate the transport and deposition behaviors. The sample molecular weight and refractive index are assumed as 65325 g/mol and 1.5, respectively. Other properties of the working samples, solvent and micro resonator are discussed in what follows and summarized in Table I . 4 4 nm nm ×
A. Governing equations
We start with the charge transportation equations for analyte samples dissolving in a solution of pure water, including one charged analyte (BSA is taken in this study, appearing a net negative charge in solution with neutral PH [21]), the hydroxide ions and hydronium ions (hydrogen ions bonding to water molecules) [22] :
where the subscripts i=1,2,3 represent the analyte, hydroxide ion and hydrogen ion, respectively; is the molar concentration;
is the valence number (in this work, we assume = = = -1); is the mobility under an external electric field; is the electric potential;
is diffusion coefficient for BSA and oppositely charged species, respectively. Typically, in onedimensional modeling of electrophoresis, charge neutrality is assumed [23, 24] . However, it is only a crude approximation when the electric field is non-uniform. In this work, charge neutrality is not an assumption. As the electric field is irrotational, it may be more conveniently expressed as the Poisson equation:
where ( )
Here E ρ is the total charge density and ε is the permittivity of the fluid and F is the Faraday constant. In the Poisson formulation, we assume the permittivity of the liquid is uniform. In such systems, the conductivity field is dominated by charges densities (the charged analyte, hydroxide and hydronium ions) and constant charges' mobility. To complete the system, we also need the continuity and conservation of momentum equations for the liquid:
where ρ is the liquid density, is the flow velocity, P is the pressure and V → υ is the liquid viscosity. The electric flux and species conservation are coupled to the mechanics through the electric force in the momentum equation.
It is well known that in an electrolyte microchannel system, the Joule heating induced by the electric field is always a concern. With no exception, in our study, it is necessary to consider the Joule heating:
where is the heat generated by current flow when a potential difference is applied to an electrolyte solution, and the subscripts The micro resonator and waveguide are made of a dielectric material (Silicon nitride in our study), which is assumed to be linear and isotropic. The light wave propagation and photon tunneling in the device can be described by the time-dependent Maxwell equations [25] as following:
,
where and are the electric and magnetic field vectors, respectively; for time-harmonic waves,
= and ω is the angular frequency, the Maxwell equations are then simplified to Helmholtz equations as follows:
In which the complex permittivity [26] is introduced as: 
Under WGM resonances, the EM field in a cylindrical micro resonator typically consists of equatorial brilliant rings. The rings are located on the same plane as the waveguide. Moreover, the MOFS with a microdisk/waveguided integrated has a planar structure. So, it is feasible to adopt a two dimensional theoretical model. In the present calculations we consider the in-plane transverse electric (TE) waves, which indicates that the electric field has only a z-component and it propagates in the x-y plane. As a result, the fields can be written as: ( , , ) ( , ) B. Boundary conditions In our analysis, we assume constant temperature and analyte concentration at the outlet and inlet of the microchannel. The constant temperature is taken as 300K and the constant concentrations are defined as values of initial conditions. Noslip conditions on the walls and surface of micro resonator are also assumed. Besides that, the following boundary conditions are employed on the walls:
where and are the tangential and normal vectors of the wall, respectively. Eqs. (15) and (16) are respectively the condition that the boundary is nonconductive and there is no ion diffusion across the walls. Eq. (17) is the condition that the walls are not penetrative. Eq. (18) demonstrates the natural continuity condition at the system interface and physical boundaries with respect to Maxwell's equations. In this study, special attention should be paid to the surface conditions of the WGM-based micro resonator.
Under the effect of an electric field flow, samples are directed toward the surface of the micro resonator and bind to it. On a hydrophilic solid surface, the electrostatic attraction between a charged surface and an oppositely charged protein molecule is often the major driving force for adsorption from solution onto the solid surface [27] . Thus, with the assumption that there is no surface diffusion on the micro resonator, boundary conditions with respect to are prescribed as follows:
Here ads K and des K are adsorption coefficient and desorption coefficients, respectively.
indicates the surface density when the surface of resonator is fully covered by analyte molecules. The surface density of adsorbate, 
We should be aware of that the adsorption and desorption process only occur on the surface of the micro resonator.
As to the boundaries of the calculation domain for Maxwell's equations, the low-reflecting boundary condition, which indicates that only a small part of the EM wave is reflected and the wave propagates through the boundary almost as if it were not present, is adopted [28] :
The light source term 0 z E → , which propagates inwards through the entry of the waveguide, can be treated as an electrically low-reflecting boundary expressed by:
In the present computations, the light source term is assumed to be uniform and unity at the entry of the waveguide.
RESULTS AND DISCUSSIONS
Versatile numerical approaches including the finite difference time-domain method [29] and the finite element method (FEM) have been employed to solve the above mathematical models. In the current simulation, the commercial COMSOL package (version 3.3) is applied to perform a finite element analysis because the FEM is very flexible in the treatment of irregular configurations such as the circular geometry or the micro resonator. The electro-kinetics, Jouleheating, the Poisson equation and in-plane TE waves application modes of the COMSOL package are employed.
In this study, simulation work is separated into two parts: firstly, charged species transportations, temperature distribution and the adsorption process are simulated in a domain described as in the figure 1. (a) with 20,196 triangle elements. Locally refined meshes are applied to the vicinity around the micro resonator since more attention should be paid to the adsorption on the surface of micro resonator; all coupled modes are solved by a time dependent solver of COMSOL with a 0.1s step size and the relative tolerance is set as ; afterwards, we employ adsorption and temperature distribution results obtained from the first step of simulation work to represent a single adsorption layer and temperature variation which induce changes to the resonance condition of light traveling inside the micro resonator. The simulation domain is shown in figure 1. (b) and meshed by about 350,000 triangle elements. The existence of the thin adsorption layer (in order of Pico meter) brings in extremely small size of meshes in vicinity around the periphery of the micro resonator; hence, more elements are needed to perform the analysis. Simulations are performed in a DELL PC with one 2.2 GHz CPU and 3.0 GB Memory. 6 
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The concept of the maximum element size is introduced for the numerically sensitive areas like the periphery of the resonator, the small waveguide and the gap region to ensure the numerical accuracy and sensitivity. The computational error is found to be less than 5%, when the maximum element size is below 1/8 of the wavelength (~782nm in this work) in computationally sensitive regions. 
Monolayer formation
Once we apply a constant potential difference to the MOFS, samples are driven to move (the convection is negligible compared to electro migrate) and some of them will be deposited at the resonator surface. The monolayer formation can be monitored by tracking the resonant wavelength shift of a TE mode. Moreover, special attention should be paid to the resonance shift, which is induced by the effect consisting of the deposition process, which slightly changes the effective refractive index and resonator size through the interaction between the adsorbate and light waves. Ma et al. [15] has demonstrated a temperature induced resonance wavelength shifts. Their results match well with the analysis based on bulk material prosperities of thermal expansion and the thermo-optic effect. Analytically, it follows [15] :
where α and β are thermal expansion coefficient and thermooptic effect coefficient, respectively. In this study, the 2D temperature distribution obtained in the thermal simulation has been used to evaluate temperature-dependent refractive indices of the micro resonator and waveguide through a simple relation, , where n 0 indicates the base refractive , which is several orders of magnitude lower than the shifts induced by deposition of samples on the surface of micro resonator to be presented later. As a result, the temperature variation induced resonance shifts by means of Joule heating are negligible. 6 10 pm − ) 4 10 pm − Adsorption of the single layer does not significantly degrade the resonance quality which remains in the range. Figure 2 shows the time evaluation of the frequency down shift induced by the deposition of samples to the surface of micro resonator. The applied potential is set to 1V and the initial concentration of the analyte is assumed to be a uniform distribution of 0.65325 ppm. The time trace of wavelength shifts shows Langmuir-like adsorption kinetics, which points to self-assembly of a single layer formation at saturation. The trace can be fit by a Langmuir-like kinetics, Quan et al. [13] showed the sensor curve for measuring and monitoring the growth thickness of peptides. Based on the assumption of the uniformly growth of peptide on the surface of the micro resonator, they found a linear relationship between the peptide thickness and the absolute value of the downshift of resonance frequency, which showed the feasibility of the WGM biosensor as an excellent miniature biosensor in the monitoring of peptide growth and synthesis. However, in our case, the assumption of a uniform distributed analyte on the micro resonator surface is no longer available. Under the effects of an applied electric field, a distribution of the analyte on the micro resonator surface is shown in figure 3 with the starting point referring to figure 1. (a) . Different applied voltages with the same initial concentration of 0.65325 ppm are studied. The plot describes the most of the adsorbed analyte distribute in the region where is close to the right surface of micro resonator with respect to Fig. 1. (a) . This nonuniform distribution of the adsorbed analyte results from the negatively charged analyte flows toward the anode from an initial normal distribution under the effect of electric field and diffusion . This motion induces a reasonable accumulation of analyte on the right surface of micro resonator which results in a higher surface density in this region. 
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Copyright © 2009 by ASMEAssuming constant adsorption and desorption rate, figure 4 demonstrates the average surface density of adsorbed analyte versus different applied potentials. All simulations are performed with a uniform initial concentration of 0.65325 ppm except the applied potential. We observe at steady state, the average thickness of the layer to increase with applied voltage up to 2V. One explanation could be that at the beginning of the adsorption, the process is in the transient transport-limited regime [32] , which depends on the bulk analyte concentration in the region of the resonator surface. The higher applied potential results in a bigger velocity of the charged analyte in the region close to surface of micro resonator, hence increases the rate of analyte crossing the region where the adsorption process occurs. Consequently, the analyte at the surface displays a higher concentration. The sample concentration in bulk solution does affect the deposition layer of sample on the surface of micro resonator, which in turn induces a shift to the resonance frequency by slight changes of adsorption layer and refractive index. By tracking of resonance frequency shifts, we are able to investigate the bulk solution conditions. In figure 5 , the resonance frequency down-shift curves are plotted for monitoring and measuring the average bulk concentration for different applied potentials. All measurements are performed at steady state. Results show resonance frequency varies with average bulk concentration in an almost linear manner. for 1V, 2V, and 3V applied potentials, respectively. The correlation coefficients of the linearity are 0.99834, 0.99906, and 0.99868 for 1V, 2V, and 3V applied potentials, respectively. Considering that the linear characteristic is a fundamental requirement for an ideal biosensor, the results show the feasibility of the WGM biosensor as an excellent miniature biosensor in the monitoring of bio-molecules even with a very low concentration. Moreover, the sensor sensitivity increases as the applied voltage increases in the considered voltage range
Conclusions
Integration of WGM and Microfluidics brings a compact manipulating and measuring device. In this MOFS, the analyte was directed to the WGM biosensor through a microchannel flow under the effect of an applied electric field. The whole charged species manipulation and detection processes, including the species transportation in the microchannel, adsorption and desorption processes on the surface of the resonator, the temperature distribution due to Joule heating and the The average temperature changes of micro resonator are obtained at steady state for different bulk concentrations and applied potentials. The change was found to be very small. Hence, the Joule heating induced resonance frequency shift was negligible.
The adsorption process of analyte on the surface of micro resonator can be monitored by tracking the wavelength shift over time. The simulated curve fitted into the Langmuir-like adsorption kinetics well. The WGM sensor was found to function at very low concentrations. Even with a sub-ppm concentration of the charged species, the induced frequency shift is dozens of MHz.
A linear correlation between the average bulk concentration and the resonance frequency shift was obtained. The applied voltage is found to affect the adsorption capability. The analyte density on the sensor surface increases with increasing applied voltage. Therefore, the sensor sensitivity increases as the applied voltage increases in the considered voltage range.
